Cervical cancer is the second most common malignancy among women worldwide and is highly radioresistant, often resulting in local treatment failure. For locally advanced disease, radiation is combined with low-dose chemotherapy; however, this modality often leads to severe toxicity. Curcumin, a polyphenol extracted from rhizomes of the plant Curcuma longa, is a widely studied chemopreventive agent that was shown to have a low toxicity profile in three human clinical trials. Here, we show that pretreatment of two cervical carcinoma cell lines, HeLa and SiHa, with curcumin before ionizing radiation (IR) resulted in significant dosedependent radiosensitization of these cells. It is noteworthy that curcumin failed to radiosensitize normal human diploid fibroblasts. Although in tumor cells, curcumin did not significantly affect IR-induced activation of AKT and nuclear factor-B, we found that it caused a significant increase in the production of reactive oxygen species, which further led to sustained extracellular signal-regulated kinase (ERK) 1/2 activation. The antioxidant compound N-acetylcysteine blocked the curcumin-induced increased reactive oxygen species (ROS), sustained activation of ERK1/2, and decreased survival after IR in HeLa cells, implicating a ROS-dependent mechanism for curcumin radiosensitivity. Moreover, PD98059 (2Ј-amino-3Ј-methoxyflavone)-, PD184352-[2-(2-chloro-4-iodo-phenylamino)-Ncyclopropylmethoxy-3,4-difluoro-benzamide], and U0126 [1,4-diamino-2,3-dicyano-1,4-bis(2-aminophynylthio)butadiene]-specific inhibitors of mitogen-activated protein kinase kinase 1/2 (MEK1/2) blocked curcumin-mediated radiosensitization, demonstrating that the sustained ERK1/2 activation resulting from ROS generation leads to curcumin-mediated radiosensitization. Together, these results suggest a novel mechanism for curcuminmediated radiosensitization involving increased ROS and ERK1/2 activation and suggest that curcumin application (either systemically or topically) may be an effective radiation modifying modality in the treatment of cervical cancer.
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Radiation therapy plays a critical role in the local and regional control of malignant tumors. Recent attempts to enhance the efficacy of radiation therapy have focused on using conventional chemotherapeutic agents as biological response modifiers (Candelaria et al., 2006) . Although this approach has in some cases resulted in better therapeutic outcome (Seiwert et al., 2007) , its efficacy can be limited by a number of factors, including increased toxicity, normal tissue injury, and increased side effects. Future improvements in the therapeutic index for radiotherapy depend on increasing the sensitivity of tumor cells to radiation and reducing the effects of radiation on normal tissues. One way to circumvent this problem is to use compounds with relatively safe toxicity profiles and test their use as potential radiosensitizers.
Chemoradiotherapy involving cisplatin and 5-fluorouracil is the current standard of care for patients with stage IIA to IVA cervical cancer (Morris et al., 1999) . Several agents and drug combinations including carboplatin, cisplatin, 5-fluorouracil, ifosfamide, etoposide, and most recently taxanes have been used as radiation sensitizers (Candelaria et al., 2006) . Although concurrent chemoradiotherapy improves survival compared with radiotherapy alone (Morris et al., 1999) , the combination is associated with an increased likelihood of dose-limiting toxicities like gastrointestinal and hematological toxicities (Kirwan et al., 2003) . Considering the toxic side effects of chemotherapy, achieving radiosensitization with minimal toxicity could be beneficial for patients with locally advanced cervical cancer.
Curcumin is the yellow pigment of turmeric, a natural product with diverse biological activities (Duvoix et al., 2005) . Turmeric, which contains primarily curcumin and other curcuminoid compounds, is obtained from the roots of the plant Curcuma longa, which grows in tropical regions. Based on epidemiological data that showed a reduced rate for colon carcinogenesis in populations whose diet is rich in curcumin, studies on the beneficial and chemopreventive activity of curcumin were initiated . Several of the preclinical studies, carried out over the last 20 years, have confirmed potent antitumorigenic activity of curcumin in the initiation and promotion phases in two stage mouse tumor models (Howells et al., 2007) . Phase I clinical trials on curcumin showed that it is safe to humans up to 12,000 mg/day when taken orally (Cheng et al., 2001; Sharma et al., 2001; Lao et al., 2006) and caused histological improvement of precancerous lesions in some patients, suggesting that it is biologically active at these doses (Cheng et al., 2001) . Previous reports have indicated that curcumin confers radiosensitizing effects in prostate cancer cell lines (Chendil et al., 2004) and squamous cell carcinoma lines (Khafif et al., 2005) .
The ability of curcumin to alter the redox status of transformed cells (Scapagnini et al., 2002) and its desirable safety profile prompted us to investigate whether it can also alter their radiation sensitivity. We report that pretreatment with curcumin radiosensitized cervical carcinoma cells in vitro in a time-and dose-dependent manner but had no radiosensitizing effect on the radiation responses of the normal diploid fibroblasts. This radiosensitization occurred in an AKT-and NF-B-independent and reactive oxygen species (ROS)-ERK1/2-dependent mechanism. These results, together with published reports indicating that curcumin is a potent sensitizer of other tumor cell lines and a protector of normal tissue from radiation toxicity, suggest that this natural product may be an effective radiosensitizer or radioenhancer in the management of patients with advanced cervical cancer.
Methods and Materials

Cell Culture
All cell lines were incubated at 37°C with 5% CO 2 . HeLa and SiHa cell lines were obtained from the American Type Culture Collection (Manassas, VA). MRC-5 diploid fibroblasts were a gift from Dr. Suzy Torti (Wake Forest University, Winston-Salem, NC). All the cell lines were grown in Dulbecco's modified Eagle's medium supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 10% fetal calf serum, and L-glutamine.
Reagents
Curcumin (Sigma-Aldrich, St. Louis, MO) was dissolved in DMSO to obtain a 10 mM stock solution. The PI-3 kinase inhibitor LY294002, the MEK1 inhibitor PD98059, and staurosporine were obtained from Cell Signaling Technology Inc. (Danvers, MA), and stock solutions were prepared by dissolving in DMSO. N-Acetylcysteine (NAC) (SigmaAldrich) was dissolved in Dulbecco's modified Eagle's medium and adjusted to pH 7 with 10 M sodium hydroxide. AG-1478 and U0126 were obtained from Calbiochem (San Diego, CA), and stock solutions were prepared in DMSO. PD184352 was a generous gift from Dr. Paul Dent (Virginia Commonwealth University, Richmond, VA).
Clonogenic Survival Assays
Low-Density Clonogenic Assay. Cells were plated in 60-mm culture dishes at densities of 100, 300, and 1000 cells per plate and allowed to attach overnight. Curcumin was added for indicated times and doses, then cells were irradiated. For analysis of oxidative stress, 5 mM NAC or 10 U/ml Catalase was added 6 h before irradiation. For clonogenic survival assays with PD98059, PD184352, or U0126, we added indicated doses of drug during the last 2 h of curcumin treatment. The drugs were removed 1 h after radiation. Cells were incubated for 10 to 14 days after irradiation and then fixed with 10% methanol/10% acetic acid and stained with 0.4% crystal violet. Colonies containing more than 50 cells were counted. The plating efficiencies were determined for each treatment and normalized to controls. The curves were fitted using a second order polynomial function. The average normalized surviving fraction from three independent experiments and the S.E.M. were reported.
High-Density Clonogenic Assay. Cells were plated at 1 ϫ 10 6 cells/100-mm plates, allowed to reach 80% confluence, and irradiated or pretreated with curcumin before radiation. One hour after radiation, the cells were trypsinized and plated into 60-mm dishes at lower numbers. These plates were incubated for 10 to 14 days and stained as described above. Clonogenic Assay under Hypoxia. Cells were plated at 5 ϫ 10 5 cells/60-mm preconditioned glass Petri dishes and allowed to reach 80% confluence. The cells were treated with DMSO or 10 M curcumin for 8 h. During the last 1 h, the medium was replaced by 1 ml of fresh medium (minimal essential medium with 10% fetal calf serum and 1% penicillin/streptomycin, 2 mM glucose, 20 mM HEPES, without pyruvate) containing DMSO or curcumin. The plates were sealed into aluminum chambers and allowed to acclimatize for 30 min. For hypoxic treatments, the percentage O 2 in the gas phases was decreased to 0.01% by a series of precision evacuations of the chamber followed by replacement with nitrogen (gas exchanges). After warming, the chambers were shaken continuously at 37°C to ensure that the O 2 in the gas phase was in equilibrium with the O 2 in the culture media. The aluminum chambers were directly placed in the Cs 137 irradiator, and the cells were irradiated at 2, 4, and 6 Gy for aerobic treatments and 5, 10, or 15 Gy for the hypoxic treatments. The chambers were shaken continuously at 37°C for 1 h, and then the plates were trypsinized and replated at low densities as described above.
Cell Proliferation Assay (MTT Assay)
MTT assays were performed using a kit obtained from Roche Applied Science (Indianapolis, IN). Cells were plated onto 24-well plates at a density of 500 (HeLa) or 3000 (MRC-5) cells per well, treated with indicated doses of curcumin for 8 h, and then irradiated. The drug was removed 1 h after irradiation. Cell viability was assessed according to the manufacturer's protocol when the controls were confluent (ϳ7 days). Two hundred microliter aliquots from each well were transferred into a 96-well plate, and absorbance values were measured at 560 nm with an automated plate reader (Molecular Devices, Sunnyvale, CA).
Analysis of ROS Levels
HeLa cells were plated at 4 ϫ 10 4 cells/well, allowed to attach overnight, and treated with DMSO or 10 M curcumin for 8 h. Cells were then washed with PBSϩ solution (0.14 g of calcium chloride and 0.1 g of magnesium chloride in 1 liter of PBS). The cells were then incubated with 10 M 2Ј,7Ј-dichlorofluorescein diacetate (DCF-DA; SigmaAldrich) or a control carboxy-DCF-DA probe (Invitrogen, Carlsbad, CA) for 30 min at 37°C before irradiation. Relevant plates were irradiated at 10 Gy, and the fluorescence was measured for all the plates using a fluorometer at an absorption wavelength of 485 nm and emission wavelength of 520 nm. The results were expressed as relative fluorescence, normalized to unirradiated control. Error bars represent S.E. from three independent experiments.
Immunoblotting
Cells were harvested after corresponding treatments, as described previously (Koumenis et al., 2002) . For detection of AKT, ERK1/2, and ␤-actin, whole-cell lysates (20 -40 g of total protein) were resolved on 10% SDS-polyacrylamide gel electrophoresis gels, transferred to polyvinylidene difluoride membrane, blocked for 30 min at room temperature in Tris-buffered saline-Tween solution containing 5% milk, and incubated for 1 to 2 h at room temperature with the following antibodies in Tris-buffered saline-Tween solution containing 1% milk at the following dilutions: anti-phospho-AKT antibody (1:1000; Cell Signaling Technology Inc.), anti-AKT (1:1000; Cell Signaling Technology Inc.), anti-phospho-ERK1/2 (1:5000; Cell Signaling Technology Inc.), anti-ERK1/2 (1:2000; Zymed Laboratories, South San Francisco, CA), and anti-␤-actin (1:50,000; SigmaAldrich). All membranes were incubated with horseradish peroxidase-conjugated anti-mouse (1:2000) or anti-rabbit (1:2000) secondary antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and immunoreactive bands were detected using ECL Plus chemiluminescence (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK).
For detection of p65 and Lamin A/C, cytoplasmic and nuclear fractions were separated. In brief, cells were washed with cold PBS and suspended in 0.4 ml of lysis buffer (10 mM HEPES, pH 7.9, 50 mM NaCl, 0.5 M sucrose, 0.1 mM EDTA, 0.5% Triton X-100, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride, 2.0 mg/ml aprotinin, and 0.5 mg/ml benzamidine). The cells were allowed to swell on ice for 5 min followed by centrifugation at 1500 rpm for 10 min. The nuclear pellet was resuspended in 100 l of ice-cold nuclear extraction buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 2.0 mg/ml leupeptin, and 2.0 mg/ml aprotinin), and the tube was incubated on ice for 15 min with intermittent vortexing. This nuclear extract was then centrifuged for 15 min in a Microfuge at 4°C. Ten micrograms of protein was resolved on 10% SDS-polyacrylamide gel electrophoresis gels, transferred to polyvinylidene difluoride membrane, and immunoblotted with specific antibodies at the following dilutions: anti-p65 (SC-109 at 1:1000; Santa Cruz Biotechnology, Inc.) and Lamin A/C (no. 612162 at 1:2000; BD Biosciences, San Jose, CA).
Electromobility Shift Assay
Nuclear extracts from irradiated cells that were pretreated with either DMSO or curcumin were incubated with 32 P-end-labeled 45-mer double-stranded NF-B oligonucleotide (Promega, Madison, WI) for 30 min at 37°C, and the DNA-protein complex formed was separated from free oligonucleotide on 10% native polyacrylamide gels. The specificity of binding was examined by competition with 3-fold excess of unlabeled oligonucleotide. For supershift analysis, nuclear extracts prepared from irradiated cells were incubated with an antibody against p65 subunit (Santa Cruz Biotechnology, Inc.) of NF-B for 30 min at room temperature before the complex was analyzed by electrophoretic mobility shift assay. The dried gels were visualized and radioactive bands were quantified by PhosphorImager (GE Healthcare) with the use of ImageQuant software (GE Healthcare).
Cell Cycle Analysis
HeLa cells were trypsinized and collected in 2 ml of PBS/1% FBS at 5000 rpm in a swinging bucket centrifuge. The cells were resuspended in 0.5 ml of PBS and fixed in 5 ml of cold (4°C) ethanol overnight at Ϫ20°C. Subsequently, cells were washed in 2 ml of PBS/1% FBS and resuspended in 1 ml of PBS, and 0.5 ml of phosphate-citric acid buffer (192 ml of 0.2 M Na 2 HPO 4 ϩ 8 ml of 0.1 M citric acid, pH 7.8) and let stand at room temperature for 5 min. The cells were further resuspended in 300 l of PI/RNase staining solution (300 l of PBS with 1% FBS ϩ 30 l of PI ϩ 8 l of RNase), incubated at 37°C for 15 min, and analyzed by flow cytometry (FACSCalibur and CellQuest Pro; BD Biosciences).
Results
Curcumin Radiosensitized Cervical Carcinoma Cells in Vitro.
To examine the effects of curcumin on human tumor cell radiosensitivity, we chose two cervical tumor cell lines, HeLa and SiHa. These cell lines are HPV 18 and HPV 16 positive, respectively, and both have been previously used in radiosensitivity assays (Zoberia et al., 2002) . We initially determined the toxicity of curcumin treatment alone on these cells. Treatment with curcumin demonstrated a dose-dependent decrease in clonogenic cell survival (Fig. 1A) . Using the concentration of curcumin that showed a 20% decrease in cell survival (10 M) after 8-h pretreatment, we further investigated the effects of curcumin pretreatment on radiation-induced cell kill. Curcumin reduced clonogenic survival in both cell lines at each of the radiation doses we tested (Fig. 1B) . In SiHa cells, curcumin induced a time-dependent increase in sensitization, but in HeLa cells, radiosensitization was significantly higher after an 8-h pretreatment, compared with 16 h, probably reflecting an increased rate of metabolic inactivation of curcumin in these cells. The dose enhancement ratio (ratio of radiation dose without to dose of radiation with the radiosensitizer to achieve the same amount of cell kill) was 1.6 for SiHa and 1.4 for HeLa at 0.1 surviving fraction. Based on these results, we chose a curcumin dose of 10 M for 8 h as the pretreatment condition used in further molecular studies. To more closely reproduce the cellular conditions used in molecular analysis studies (see below), we also performed the clonogenic survival assays under high density as described under Materials and Methods. The radiosensitization achieved by curcumin was similar to that seen when the clonogenic survival assays were performed at low density (Fig. 1C) . Taken together, these results clearly demonstrate that curcumin treatment sensitizes these tumor cell lines to ionizing radiation.
Differential Effects of Curcumin and Radiation in Tumor versus Normal Cells. For a radiosensitizer to be a clinically effective, it is critical that it has the ability to selectively affect tumor cells but have minimal or no radiosensitizing effects on normal, untransformed cells (Hall, 2000) . Although curcumin has been shown to preferentially induce apoptosis in transformed versus normal cells (Syng-Ai et al., 2004) , its potential radiation-modifying effects on normal cells are largely unexplored. We therefore assessed the long-term survival of normal diploid fibroblasts after treatments with curcumin and IR at doses that were used to assess the clonogenic survival of tumor cells. Because these normal cells are poorly clonogenic, we used a modified, longterm MTT assay (see Materials and Methods) to assess the radiosensitivity of the normal cells. Treatment with curcumin before radiation did not radiosensitize normal cells; in fact, it appeared to confer a radioprotective effect to these cells ( Fig. 2A) . In contrast, under the same MTT conditions, HeLa tumor cells responded in a manner similar to the clonogenic assay showing significant radiosensitization in the presence of curcumin (Fig. 2B) .
Effects of Curcumin on Radiation-Induced NF-B Activation. Ionizing radiation induces cell death after DNA Curcumin Radiosensitizes Cervical Tumor Cells damage (Hall, 2000) . However, cellular defense mechanisms are also triggered to prevent radiation-induced death. One such prosurvival pathway is the activation of NF-B cascade, which has been hypothesized to lead to increased radiation resistance in tumors (Baldwin, 2001) . Moreover, NF-B has been reported to be a direct target of curcumin in various tumor cells lines (Singh and Aggarwal, 1995; Shishodia et al., 2005) . To determine the effects of curcumin on IR-induced NF-B activation, we analyzed the levels of the p65 subunit of NF-B in the cytoplasmic and nuclear fractions from mockirradiated and irradiated cells that were either pretreated with curcumin or vehicle control. As seen in Fig. 3A , IR induced an increase in p65 translocation to the nucleus. However, neither treatment with curcumin alone nor pretreatment with curcumin before radiation had an inhibitory effect on translocation of p65 subunit of NF-B in to the nucleus. We also investigated the effects of curcumin on radiationinduced NF-B DNA binding activity. IR caused a significant increase in NF-B DNA binding ability. However, curcumin pretreatment had no significant effect on IR-induced NF-B DNA binding ability (Fig. 3B) . Quantitation from three independent experiments indicated a modest inhibition of IRinduced NF-B activation upon curcumin pretreatment, but this effect was not statistically significant (Fig. 3B, right) . Taken together, these results suggest that curcumin-mediated radiosensitization is not likely dependent on its effects on NF-B activity.
Curcumin-Mediated Radiosensitization Was Not Mediated by Inhibition of IR-Induced AKT Activation. Various studies using clinically relevant doses and fractionation schemes of IR suggest a role for EGFR activation in tumor radioresistance and recurrence (Schmidt-Ullrich et al., 1997; Sartor, 2003) . We investigated the EGFR signaling pathway as a potential target of curcumin to mediate the radiosensitization. We initially focused on the AKT proto-oncogene that plays a central role in several cell signaling processes that lead to increased cell proliferation, resistance to apoptotic stimuli, and antiangiogenesis (Zhan and Han, 2004) . To test whether curcumin inhibited radiation-induced AKT activation, we analyzed cell lysates from mock-irradiated and irradiated cells that were either pretreated with curcumin or DMSO. IR activates AKT (determined by Ser473 phosphorylation) within minutes of ra- Fig. 1 . Curcumin sensitizes cervical tumor cell lines to ionizing radiation. A, HeLa cells were treated with DMSO or 10, 25, and 50 M curcumin for 8 h. Survival was assessed by low-density clonogenic survival assay as described under Materials and Methods. B, SiHa and HeLa cells were treated with DMSO or 10 M curcumin for 4, 8, and 16 h followed by 0, 2, 4, or 6 Gy ionizing radiation. Survival was assessed by low-density clonogenic survival assay as described under Materials and Methods. Results represent the averages of three independent experiments (ϮS.E.). C, HeLa and SiHa cells were treated with DMSO or 10 or 20 M curcumin for 8 h followed by 0, 2, 4, or 6 Gy ionizing radiation. One hour after radiation, cells were trypsinized and replated for clonogenic survival assays. Results represent the averages of three independent experiments (ϮS.E.). diation, and this activation starts to decrease by 3 h after radiation. Curcumin pretreatment did not inhibit the basal level or radiation-induced activation of the prosurvival factor AKT even 3 h after radiation. To further examine the possibility that curcumin-mediated sensitization was dependent on AKT activation, we performed clonogenic assays using LY294002, a PI-3 kinase inhibitor that inhibits AKT activation. LY294002 pretreatment did sensitize tumor cells to IR as previously reported (Kim et al., 2006) . However, LY294002 enhanced the radiosensitizing effect of curcumin (Fig. 3D) . This result strongly suggests that curcumin and LY294002 act through distinct pathways to induce radiosensitization; therefore, Akt signaling is not involved in curcumin-induced radiosensitization.
Curcumin Prolonged Radiation-Induced ERK1/2 Activation. To identify the molecular targets involved in curcumin-mediated radiosensitization, we turned our focus to another EGFR signaling cascade, which involves activation of mitogen-activated protein kinases (MAPKs). Exposure of cells to IR or other toxic stresses simultaneously induces compensatory activation of MAPK pathways, which play critical roles in controlling cell survival and repopulation effects Fig. 2 . Curcumin does not sensitize normal cells to ionizing radiation. A, MRC-5 diploid fibroblasts (3000 cells) were treated with DMSO or 10 M curcumin for 8 h followed by irradiation at 2-, 4-, or 6-Gy dose of IR. MTT assay was performed, when the controls were confluent, as described under Materials and Methods. Results represent the averages of four independent experiments (ϮS.E.). B, HeLa cells (500 cells) were treated with DMSO or 10 M curcumin for 8 h followed by irradiation at 2-, 4-, or 6-Gy dose of IR. MTT assay was performed, when the controls were confluent, as described under Materials and Methods. Results represent the averages of four independent experiments (ϮS.E.). Fig. 3 . Curcumin induced radiosensitization is not dependent on inhibition of NF-B or AKT. A, HeLa cells were serum starved for 24 h, treated either with DMSO or 10 M for 8 h, followed by mock irradiation or 10-Gy dose of IR. The cells were harvested 3 h after irradiation. Ten micrograms of the cytoplasmic and nuclear lysates was analyzed by Western blot using antibodies against the p65 subunit of NF-B. Lamin A/C was used as a loading control for nuclear fractions. B, HeLa cells were treated either with DMSO or 10 M for 8 h, followed by mock irradiation or 10-Gy dose of IR. Five micrograms of nuclear lysates was incubated with P32-labeled oligonucleotides. For competitive binding, 3-fold excess unlabeled oligo probes were used. For supershift analysis, nuclear extracts from irradiated samples were incubated with antibody against the p65 subunit of NF-B for 30 min. All the samples were examined for NF-B by DNA binding by electrophoretic mobility shift assay. Results were quantified from three independent experiments. C, SiHa cells treated either with DMSO or 10 M for 8 h, followed by mock irradiation or 10-Gy dose of IR. Treatment with 25 M LY294002 for 3 h before radiation was used as a negative control for phosphorylation of AKT. Forty micrograms of the whole-cell lysates was analyzed by Western blot using antibodies against pAKT (Ser473) and AKT. D, HeLa cells treated with DMSO, 10 M curcumin (for 8 h), and 25 M LY294002 (for 3 h) or 3 h of LY294002 treatment during the last 3 h of curcumin treatment. The cells were irradiated at 2, 4, or 6 Gy and replated for a clonogenic survival assay after 1 h of IR. Results represent the averages of three independent experiments (ϮS.E.).
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at ASPET Journals on June 22, 2017 molpharm.aspetjournals.org after irradiation (Dent et al., 2003) . We determined the effects of curcumin on radiation-induced ERK1/2 activation with cell lysates from irradiated cells that were either pretreated with curcumin or DMSO. As shown in Fig. 4A , irradiated cells showed a transient increase in ERK1/2 activation that decreased to below the basal levels within an hour after radiation. Curcumin pretreatment alone did not significantly affect ERK1/2 activation. We were surprised to find that pretreatment with curcumin prolonged IR-induced ERK activation, and elevated levels of phosphorylated ERK1/2 were evident even 6 h after radiation (Figs. 4B and 6A) .
Curcumin Potentiated Radiation-Induced ROS Generation in Tumor Cells. Although the antioxidant properties appear to be critical for the chemopreventive effects of curcumin, it is well documented that like most polyphenols, curcumin also acts as a pro-oxidant under certain conditions (Bhaumik et al., 1999; Galati et al., 2002) by producing ROS. Moreover, the sustained MAPK activation has been linked to increased production of ROS by chemotherapeutic agents (Wang et al., 2000; Kim et al., 2005) . To test the ability of curcumin to increase ROS in tumor cells and to investigate the effect of combined treatments with curcumin and IR in this process, we used a redox-sensitive dye, DCF-DA, whose increase in fluorescence is a marker for increase in ROS (Brandt and Keston, 1965) . Curcumin treatment alone did not cause a significant increase in production of ROS, but its treatment before radiation dramatically increased ROS levels (ϳ6-fold) compared with radiation alone (ϳ3-fold). Cotreatment of the antioxidant and free-radical scavenger NAC with curcumin before IR blocked the increase in ROS production to levels produced by IR alone, supporting the hypothesis that curcumin in the presence of radiation acts as a potent pro-oxidant. We further hypothesized that if the pro-oxidant effect of curcumin is required for its radiosensitizing properties, then addition of an antioxidant should also compromise its radiosensitizing effects. As shown in Fig. 5B , inclusion of NAC alone in the medium did not alter the radiosensitivity of the cells to IR. Pretreatment with curcumin produced a substantial increase in radiosensitivity. However, when cells were treated with both curcumin and NAC, the radiosensitizing effect of curcumin was nearly abolished. Similar results were obtained by using another antioxidant catalase (Fig. 5C) . These results strongly suggest that curcumin is indeed exerting most of its radiosensitizing effect through a mechanism that involves an increase in ROS.
During these experiments, we did observe a slight decrease in curcumin uptake in the presence of NAC. To determine whether this effect was responsible for the observed inhibitory effects of NAC on curcumin radiosensitization, we performed clonogenic survival assays on cells treated with NAC under varying concentrations of curcumin. NAC pretreatment completely inhibited curcumin-mediated radiosensitization at all doses of curcumin, suggesting that the effects of NAC we observed were not artifacts of inhibition of curcumin uptake (data not shown).
To further examine the role of ROS in curcumin-mediated radiosensitization, we performed clonogenic survival assays under hypoxia. We reasoned that if ROS plays a significant role in curcumin-mediated radiosensitization, then the presence of oxygen should be required to generate the ROS and fix the DNA damage. To test this hypothesis, we performed clonogenic assays with cells treated with DMSO (control) or curcumin under normoxic (21% oxygen) or hypoxic (0.01% oxygen) conditions. As shown in Fig. 5D , when cells were irradiated in air, there was a significant radiosensitization by curcumin, as previously observed. However, when the cells were irradiated under hypoxia, we did not observe any radiosensitization in curcumin-pretreated cells. These results further support a role for ROS in curcumin-mediated radiosensitization of cervical carcinoma cells.
Effects of Increased ROS on the ERK1/2 Signaling Pathway. Because oxidative stress is also known to activate MAPKs (McCubrey et al., 2006) , we examined the effects of antioxidants on the sustained ERK1/2 activation induced by curcumin after IR. Curcumin pretreatment led to a sustained ERK1/2 activation after IR. NAC alone or NAC treatments before IR had no significant effects on ERK1/2 activation. However, treatment of cells with NAC (for the last 6 h) along with curcumin reduced the ERK1/2 phosphorylation to near control levels (Fig. 6A ). This result indicates that increase in oxidative stress after curcumin and IR leads to the sustained ERK1/2 signaling. We reasoned that if curcumin-mediated sensitization was dependent on the prolonged ERK1/2 activation, then inhibition of this phosphorylation should also compromise curcumin-mediated radiosensitization. Using a concentration of MEK1/2 inhibitors (Figs. 6B and 7A) that reduced the ERK1/2 levels in curcumin-and IR-treated cells to those observed with irradiation alone, we performed clonogenic survival assays on irradiated cells pretreated with vehicle control, curcumin, or curcumin together with MEK1/2 inhibitors. Pretreatment of cells with PD98059 compromised curcumin-mediated radiosensitization, demonstrating the involvement of the ERK1/2 pathway in the radiosensitization mechanism. Similar results were obtained with more specific inhibitors of MEK1/2-PD184352 (Fig. 7B) and U0126 (Fig.  7C) . Note that PD98059, PD184352, or U0126 alone, which Fig. 4 . Effect of curcumin on radiation-induced ERK1/2 activation. A, HeLa cells were serum starved for 24 h. The cells were pretreated with DMSO or 10 M curcumin for 8 h followed by mock irradiation or irradiated 6-Gy dose of IR. Treatments with epidermal growth factor (EGF) were used as a control for ERK1/2 phosphorylation. Whole-cell lysates were analyzed by Western blot using antibodies against p-ERK1/2 and total ERK1/2. B, SiHa cells were serum starved for 24 h. The cells were pretreated with DMSO or 10 M curcumin for 8 h followed by mock irradiation or irradiated 6-Gy dose of IR. Whole-cell lysates were analyzed by Western blot using antibodies against p-ERK1/2 and total ERK1/2. decreased ERK1/2 levels to a greater extent, sensitized the cells to IR, suggesting that both suboptimal and sustained levels of ERK1/2 phosphorylation contribute to tumor cell radiosensitivity (Valerie et al., 2007, and refs. therein) .
Curcumin Does Not Increase Apoptosis in Irradiated Cells. Because sustained ERK1/2 activation after ROS has been demonstrated to cause apoptosis (Wang et al., 2000; Schweyer et al., 2004) , we examined the effect of curcumin and IR treatments on apoptosis of the cervical tumor cells. There was a modest increase in apoptosis at 48 h after irradiation or curcumin treatments, as determined by PARP cleavage. This PARP cleavage in combined curcumin and IR treatment was not significantly different from IR or curcumin treatments alone (Fig. 8A) . Furthermore, inhibition of ROS by the antioxidant NAC (Fig. 8B, lanes 8 and 9) or ERK1/2 activation by PD98059 (Fig. 8A, lanes 8 and 9) did not have any further effect on PARP cleavage of curcuminand IR-treated cells. Likewise, analysis of the sub-G 1 fraction of cells as a measure of apoptosis by flow cytometry, we also failed to observe any significant difference in the apoptosis in curcumin-and IR-treated cells compared with IR treatments alone (Fig. 8C) . Taken together, these results indicate that apoptosis does not play a significant role in cell death caused by curcumin and IR treatments. However, in these cell lines other mechanisms of cell death after IR (e.g., mitotic catastrophe or cellular senescence) may be responsible for curcumin-induced radiosensitization, and we are currently testing these possibilities. 5 . Curcumin potentiates IR-induced ROS generation and ERK activation, which is compromised by the addition of antioxidants. A, HeLa cells were treated with DMSO or 10 M curcumin for 8 h, followed by mock irradiation or 10-Gy dose of IR. For treatments with NAC, cells were treated with 5 mM NAC for the last 6 h of treatments with DMSO or curcumin followed by radiation. Thirty minutes before IR, the cells were loaded with 10 M dihydro-dichlorofluorescein-diacetate. Carboxy-dihydro-dichlorofluorescein-diacetate, a nonoxidizable analog of DCF-DA, was used as a control for probe uptake. Results are represented as percentage increase in fluorescence normalized to control, DMSO-treated cells. B, HeLa cells were treated with DMSO, curcumin (10 M) only, NAC (5 mM) only or with curcumin, and NAC for 8 h before irradiation with a dose of 2, 4, or 6 Gy. Control cells were mock-irradiated (0 Gy). Standard clonogenic assays were used to assay cell survival after irradiation. Results represent the averages of three independent experiments (ϮS.E.). C, HeLa cells treated with DMSO, 10 M curcumin (8 h), catalase (10 units/ml for 2 h), or catalase treatment during the last 2 h of curcumin treatment. The cells were mock-irradiated or irradiated at 6 Gy. The drugs were washed off 1 h after radiation. Survival was assessed by low-density clonogenic survival. D, HeLa cells were treated with DMSO, curcumin (10 M) under air or hypoxia before irradiation with a dose of 2, 4, or 6 Gy (air) or 5, 10, or 15 Gy (hypoxia). Control cells were mock-irradiated (0 Gy). Standard clonogenic assays were used to assay cell survival after irradiation. Results represent the averages of six independent experiments (ϮS.E.).
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Fig. 6. Curcumin-mediated radiosensitization occurs as a result of sustained ERK1/2 activation, which is further dependent on increased ROS production. A, HeLa cells were serum starved for 24 h, pretreated with DMSO, 10 M curcumin, N-acetylcysteine, or a combination of NAC and curcumin, followed by mock irradiation or irradiation with a 6-Gy radiation dose. Pretreatment with PD98059 was used as a control for ERK1/2 phosphorylation. Cell lysates were analyzed by Western blot using antibodies against pERK1/2 and ERK1/2. B, HeLa cells were serum starved for 24 h, cotreated with increasing doses of PD98059 and DMSO or 10 M curcumin for 8 h, followed by irradiation at 6 Gy, and the cells were harvested 6 h after radiation. Cell lysates analyzed by Western blot using antibodies against pERK1/2 and ERK1/2. C, HeLa cells treated with DMSO, 10 M curcumin (8 h), 50 M PD98059 (2 h), or PD98059 treatment during the last 2 h of curcumin treatment. The cells were mock-irradiated or irradiated at 6 Gy. The drugs were washed off 1 h after radiation and replated for clonogenic survival assays. Results represent the averages of three independent experiments (ϮS.E.). Fig. 7 . Effect of ERK1/2 inhibition on curcumin-mediated radiosensitization. A, HeLa cells were serum starved for 24 h, cotreated with 0.1 or 0.3 M PD184352 and DMSO or 10 M curcumin for 8 h, followed by irradiation at 6 Gy, and the cells were harvested 6 h after radiation. Cell lysates were analyzed by Western blot using antibodies against pERK1/2 and ERK1/2. B, HeLa cells treated with DMSO, 10 M curcumin (8 h), 0.3 M PD184352 (2 h), or PD184352 treatment during the last 2 h of curcumin treatment. The cells were mock-irradiated or irradiated at 6 Gy. The drugs were washed off 1 h after radiation. Survival was assessed by low-density clonogenic survival assay. Results represent the averages of three independent experiments (ϮS.E.). C, HeLa cells treated with DMSO, 10 M curcumin (8 h), 1 M U0126 (2 h), or U0126 treatment during the last 2 h of curcumin treatment. The cells were mock-irradiated or irradiated at 6 Gy. The drugs were washed off 1 h after radiation. Survival was assessed by low-density clonogenic survival assay. Results represent the averages of three independent experiments (ϮS.E.).
Discussion
Our results demonstrate that curcumin is a potent radiosensitizer of human cervical tumor cells. We have provided evidence supporting a central role for increased oxidative stress that leads to the activation of ERK1/2 signaling in two different cervical tumor cell lines as a mechanism for radiosensitization (Fig. 9) .
NF-B, a proinflammatory transcription factor, is overexpressed in a variety of solid tumors and is thought to contribute to the aggressive phenotype of these tumors by increasing apoptotic resistance and resistance to radiation and chemotherapy treatments (Aggarwal, 2004) . However, the role of NF-B in the survival of solid tumor cells in response to IR is controversial. Although some studies have shown that cells with compromised NF-B activity are more radiosensitive than cells with an intact NF-B pathway (Jung et al., 1995) , others have failed to show such a correlation (Ashburner et al., 1999; Pajonk et al., 1999) . Thus, although an antiapoptotic role of NF-B in tumor cell lines has been firmly established, its role in radiosensitivity and long-term cell survival remains unclear. Various studies have suggested that curcumin inhibits tumor cell survival via inhibition of the transcription factor NF-B (Chendil et al., 2004; Sharma et al., 2006) . Our results in cervical carcinoma cells show that NF-B is unlikely to play a significant role in curcumin-mediated radiosensitization in this cell type. We believe that cell type-specific effects may contribute to these differences. Likewise, AKT activation is implicated in the radioresistance of cervical cancer (Kim et al., 2006) . Consistent with previous reports, we saw an increase in AKT activation after IR (Fig. 3C) ; however, our results indicate that curcumin does not inhibit the basal or IR-induced AKT activation. We believe that the effects of curcumin on Akt activation are also cell-type dependent because we observed curcumin-induced inhibition of AKT activation in other cell lines, including colorectal and prostate cells (C. Naczki and C. Koumenis, unpublished data) .
Growing evidence suggests that cancer cells produce high levels of ROS and are constantly under oxidative stress (Toyokuni et al., 1995) . Maintenance of an appropriate level of intracellular ROS is important in keeping redox balance and signaling cellular proliferation (Martin and Barrett, 2002) ; however, overproduction of ROS or cellular ability to suppress ROS would result in a significant increase of intracellular oxidative stress, leading to cellular damage and ultimately cause cell death. Recent reports indicate the possibility of using agents that promote cellular ROS accumulation to effectively kill cancer cells in vitro (Huang et al., 2000; Pelicano et al., 2003) . Although curcumin is a naturally occurring antioxidant, like most polyphenols, it can also exhibit pro-oxidant properties under certain conditions. For example, high concentrations of curcumin (Ͼ50 M) were found to promote ROS generation in published reports (Bhaumik et al., 1999; Galati et al., 2002) , whereas low doses of curcumin (such as at 10 M) usually decreases ROS generation (Chan et al., 2003) . Note that both the antioxidant and pro-oxidant activities are believed to be involved in the anticancer activity of curcumin (Hadi et al., 2000) . Our results are consistent with these findings. At concentrations where we observed the radiosensitizing effects of curcumin, we did not observe an increased ROS production with curcumin treatment alone; however, curcumin pretreatment potentiated IR-induced generation of ROS in these cells. Two possible models that could explain this action of curcumin include either: 1) scavenging of the antioxidant enzymes more effectively and hence magnifying the oxidative stress on cells when treated by IR or 2) participation of curcumin in Fentontype chemical reactions that are initiated by the effects of ionizing radiation and hence generating substantial amounts of ROS in the cells pushing them toward cell death. We are currently testing these possibilities.
The ERK pathway plays a major role in regulating cell growth and differentiation, being highly induced in response to growth factors, cytokines, phorbol esters, and oxidant injury (Strnisková et al., 2002) . Some studies have shown that curcumin represses ERK1/2 activation , whereas others have found no effect of curcumin on ERK activation (Collett and Campbell, 2004) . Because curcumin modulates many pathways, its detailed mechanisms may vary depending on the cancer cell type and/or the concentrations used. Increasing evidence links sustained ERK activation to cell death induced by ROS (Wang et al., 2000; Ramachandiran et al., 2002) . Our results indicate that although curcumin had no significant effects on ROS production or ERK activation by itself, it potentiated radiation-induced ROS generation that led to a sustained ERK1/2 activation. In addition, decreasing the ERK1/2 activation to its basal level with PD98059, PD184352, or U0126 compromised curcuminmediated radiosensitization, demonstrating that prolonged ERK activation was necessary for the radiosensitization. Note that the EGFR inhibitor AG-1478 also caused a dosedependent decrease in ERK1/2 phosphorylation after curcumin and IR treatments (data not shown). These results suggest that curcumin-mediated radiosensitization may also be mediated by effects on EGFR signaling pathway and downstream MEK1/2 phosphorylation of ERK1/2 . The effects of autocrine and paracrine regulation of EGFR-ERK1/2 signaling mediated by TGF-␣ on tumor cell radiosensitivity have been well summarized in a recent review (Valerie et al., 2007) . Together, these results lead us to propose a model in which moderate levels of ERK1/2 activation are required for cell survival, whereas either complete knock-down or sustained activation of ERK1/2 appear to be detrimental to the cell (Wang et al., 2000 (Wang et al., , 2007 . Although sustained ERK activation is linked to cell death by apoptosis, curcumin-mediated radiosensitization does not appear to be due to cell death induced by apoptosis because we did not observe activation of general apoptosis markers. Other potential mechanisms (e.g., mitotic catastrophe/necrosis) could be involved. A recent report has indicated that sustained ERK1/2 causes cellular senescence (Cozzi et al., 2006) , and we are currently testing this possibility.
In a recent comprehensive review on physiological relevance of phytochemical chemopreventive agents, Howells et al. (2007) summarized the in vitro and in vivo studies and clinical trials on curcumin. The clinical trials indicated that the concentrations of curcumin that were achievable in the plasma of patients were only at a lower micromolar range; hence, they have suggested that the in vitro studies with curcumin in the 10 M range are of physiological relevance. The significant radiosensitization achieved by the low dose of curcumin (10 M) at clinically relevant doses (2-6 Gy) has promising implications for improving radiation therapy, especially in radioresistant tumors such as the tumors of the uterine cervix. The potential radiosensitizing effect of curcumin could offer a better therapeutic outcome by either increasing the fraction of lethally damaged tumor cells or lowering the required radiation dose required to produce the same therapeutic outcome (and thus reducing potential sideeffects). This potential benefit could be augmented by the demonstrated protection conferred by curcumin against damage of normal tissue (Okunieff et al., 2006) . Because the bioavailability of curcumin is low outside the gastrointestinal tract (Howells et al., 2007) , it is conceivable that curcumin delivered as a topical application could substantially improve the cytotoxic effect of the concurrent chemoradiation therapy. Animal tumor data from the work here will create the basis for human patient studies to study the safety and efficacy of curcumin in therapeutic modalities in conjunction with radiation therapy. Fig. 9 . Model of curcumin-mediated radiosensitization. Curcumin pretreatment leads to an increase in reactive oxygen species after ionizing radiation. The increased ROS signals for the activation of ERK1/2, which in turn sensitizes the cells to radiation.
